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acetylcholine-binding protein ͉ crystal structure ͉ imidacloprid ͉ nicotinic receptor ͉ thiacloprid R eceptors of the Cys-loop superfamily, encompassing the nicotinic acetylcholine (ACh), ␥-aminobutyric acid, glycine, and serotonin type 3 receptors in mammals, play crucial roles in central and peripheral nervous system neurotransmission (1, 2) .
Agonists acting to open these ligand-gated ion channels are predominantly cationic with quaternary ammonium or tertiary, secondary, or primary amines as a critical determinant. Nicotinic agonists and most competitive antagonists are simple heterocyclic compounds, with higher affinities often achieved with imines and bridged nitrogen compounds. These agonists bind in their protonated state (3) , forming a hydrogen bond with the carbonyl oxygen of a conserved loop B tryptophan. In addition, a surrounding orbital nest is formed by aromatic side chains of both contributing subunit faces, thereby stabilizing cationic ligands in the binding site. The loop C structure, characterized by a disulfide bond from vicinal cysteines at its tip, appears to envelop the bound agonist (4) , and this closure may be a critical step in the agonist activation process. A sequence of conformational rearrangements in the protein structure ultimately gates ion flow by effectively widening a presumed constriction point within the transmembrane-spanning region of the receptor.
The nicotinic ACh receptor (nAChR) is a target of potential therapeutic agents for neurological dysfunction and drug abuse (1, 5) . It is also the site where selective toxicity between insects and mammals is achieved with the major neonicotinoid insecticides (6) . Neonicotinoid agonists imidacloprid (IMI) and thiacloprid (THIA) (Fig. 1 ) are exceptional in their physicochemical properties in possessing a distinctive electronegative nitroimino or cyanoimino pharmacophore, in contrast to a cationic functionality of nicotinic agonists such as desnitroimidacloprid (DNIMI), epibatidine (EPI), and nicotine (NIC) (7) .
Crystal structures of mollusk AChBPs, as structural surrogates of the nAChR extracellular ligand-binding domain (8) (9) (10) , complexed with cationic nicotinoids, EPI and NIC, provide substantial information on the recognition properties of the agonist binding site (4, 11) . Similarly, structural data on the binding locations of competitive and noncompetitive antagonists reveal many determinants of ligand selectivity at the subunit interfaces. Aplysia californica AChBP binds both electronegative neonicotinoids and cationic nicotinoids with high affinity, whereas Lymnaea stagnalis AChBP is poorly sensitive to the insecticides. Therefore, these AChBPs serve as models of the insect and mammalian nAChRs defining interactions of these two chemotypes of agonists (4, (12) (13) (14) . Distinctive pharmacophores of neonicotinoids, usually with a characteristic electronegative tip, undergo atypical interactions in the nAChR-binding pocket. We present here a crystallographic investigation of Aplysia AChBP liganded with the neonicotinoids IMI and THIA, thereby directly characterizing atomic interactions critical to the neonicotinoids and providing a crystallographic template for analyzing structural features that differentiate between nicotinoid and neonicotinoid selectivity.
Results
Ligand Binding Kinetics for AChBP. Direct measure of ligand binding through quenching of native tryptophan fluorescence of AChBP reveals several interesting features ( Fig. 2 and Table 1 ). First, the extent of quenching is similar for the neonicotinoids, IMI and
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THIA, and nicotinoids, DNIMI and EPI (15) , despite the different charge distribution on the two ligands. Second, the rates of association and dissociation are rapid, requiring stopped-flow instrumentation for detection (15) . Association rates are similar to those for ACh (15) and approach the diffusion limit. Across a range of concentrations, the kinetics exhibit a simple bimolecular association and unimolecular dissociation mechanism for the five binding sites in the pentamer (Table 1) .
Crystal Structures of IMI-AChBP and THIA-AChBP Complexes. The data collection and refinement statistics are given in Table 2 . The resolved residues, alternative side-chain conformations, and atomic compositions of the final structures of the AChBP complexes with IMI (AChBP-IMI) and THIA (AChBP-THIA) at 2.48 Å and 1.94 Å, respectively, are shown in Table 3 .
Atomic Interactions of Ligands with AChBP. All four pyridine rings of IMI, THIA, NIC (11) , and EPI (4) virtually overlap with the pyridine nitrogen in a common position (Fig. 3) . The three AChBP-ligand x-ray structures with the higher resolution (IMI, THIA, and NIC) have an associated water in the same position near Ile-118. The other heterocyclic ring systems linked directly to the pyridine or through a methylene bridge also occupy similar space. All ligands interact with mostly identical AChBP residues (Table 4) making several hydrogen bonds to the residues on the two subunits forming the interface and to two incorporated water molecules. The IMI, THIA, and EPI chlorines all make van der Waals contacts with Ile106O (not displayed in Fig. 3 ) and Met116O (4.11 Å and 3.13 Å for IMI, 4.17 Å and 3.01 Å for THIA, and 3.61 Å and 3.71 Å for EPI, respectively).
The IMI pyridine N hydrogen bonds to one water molecule (3.13 Å) bridging to Ile118N (2.90 Å) and Ile118O (3.77 Å), and the terminal oxygens on the nitro group interact with Ser189O␥ (3.26 Å) and Cys190N (3.04 Å) of the principal subunit face, and with Tyr55OH (3.24 Å) and Gln57N2 (3.26 Å) of the complementary subunit face.
In an identical manner, the THIA pyridine N hydrogen bonds to a water molecule (2.91 Å) bridging to Ile118N (2.89 Å) and Ile118O (3.60 Å) and its cyano N atom makes hydrogen bonds to Ser189O␥ (3.36 Å), Cys190N (3.52 Å), and one water molecule (2.76 Å) binding to Ser189O␥. Tyr-55 on the complementary face also appears to have a interaction with the sulfur in the thiazolidine ring. As with the IMI guanidine plane, the THIA amidine interacts with the aromatic side chain of Tyr-188 and possibly with that of Trp-147.
In contrast to the neonicotinoids, the bridged, protonated nitrogen in EPI faces loop B in AChBP, hydrogen bonds with the carbonyl oxygen of Trp-147, and is shielded by surrounding cation-interactions. The bridged cation, that is, functionality, of EPI is positioned closer to the carbonyl oxygen (2.8 Å) than the N1/N3 nitrogen (which is connected to the pyridinylmethyl moiety) in IMI or THIA (Ϸ3.5 Å). In the neonicotinoids, hydrogen bond formation with the carbonyl oxygen of Trp-147 is precluded by the sp 2 bond character, the perpendicular extension from the ring of the 2p orbital lobes and the poor protonation capacity of the N1/N3 nitrogen (7). (Fig. 4) . Based on the arrangement of symmetryrelated molecules, when two loop C regions come within prox- Fig. 1 . Chemical structures of neonicotinoids imidacloprid (IMI) and thiacloprid (THIA) with an electronegative nitro or cyano pharmacophore compared with cationic nicotinic agonists desnitroimidacloprid (DNIMI), epibatidine (EPI), and nicotine (NIC). Below each structure is shown its charge distribution with the electron clouds in red for negative and blue for positive. Electrostatic potentials were calculated and images rendered by using Accelrys DS Visualizer v1.7. Intercepts of lines on the ordinate represent first-order dissociation rate constants (k off), intercepts on the abscissa represent Kd, and line slopes represent secondorder association rate constants (kon). For THIA only, kon could be determined from the association kinetics, whereas for IMI all three constants (k on , k off , and K d ) were estimated. For both IMI and THIA the first-order dissociation rate constants were measured in separate experiments by the enhancement of fluorescence after addition of excess gallamine or strychnine.
imity, only one of the two sites at the subunit interface is occupied by ligand (Fig. 5) Calculation of the root-mean-squared deviation in the position of the C␣ carbons between two structures (C␣ RMS) of subunits in AChBP, AChBP-IMI, AChBP-THIA, and AChBP-EPI (4) shows deviations ranging from 0.21 to 0.45 Å for the similar conformations of two ligand-bound subunit interfaces. Similar C␣ RMS deviations are found for the two ligand-free subunit interfaces. These C␣ RMS of the different trajectories of a ligand-bound subunit vs. a ligand-free subunit range between 0.79 and 1.08 Å.
Discussion
Bound Conformations and Atomic Interactions. The high-resolution crystal structures of AChBP-neonicotinoid complexes with IMI and THIA reported here, and in earlier findings for an EPIoccupied AChBP crystal structure (4) and its nicotinic agonist relatives (11) , are generally consistent with the results of photoaffinity labeling in a physiological condition with 5-azido-6-chloropyridin-3-yl IMI, THIA, and EPI probes (12) (13) (14) . Collectively, the data clearly define the distinct molecular aspects of small agonist interactions with the nAChR structural surrogate, AChBP, therein accounting for the affinity and specificity of these agonists at the nAChRs. Neonicotinoids, being nonprotonated at physiological pH values and bearing the nitro or cyano electronegative functional tip (7), primarily interact with the loop C region of the binding pocket. This important aspect of the neonicotinoids with a largely neutral heterocyclic ring and a nitro-or cyanoimino moiety is an obvious deviation from that of the cationic agonists, EPI and NIC. Spectroscopic evidence from the anabaseine analogs and the pH dependence of binding of these and other nicotinic agonists reveal that the nitrogen is protonated in the bound state (3). The ammonium head of EPI or NIC principally hydrogen bonds with Trp147O (4, 11) and secondarily undergoes cation-interaction with the loop B tryptophan aromatic indole moiety and other aromatic residues (16, 17) .
Conformational Changes in Loop C Associated with Ligand Binding.
Comparing Aplysia AChBP-ligand complexes with an apo structure (Fig. 4) provides direct evidence of differential conformational rearrangements induced by antagonist and agonist occupation (4). Moreover, deuterium-hydrogen exchange rates of the amide backbone hydrogens show solvent exclusion of the majority of loop C amides after agonist binding (18) . The loop C movement capping the binding pocket, characteristic of agonist occupation, is also evident from the present crystal structures, therefore suggesting stabilization of neonicotinoid interaction with the closed loop C region. This conformational change can be rationalized as an initial event for the ligand-induced channelopening mechanism of the nAChR. 
*NIC contacts are measured from the x-ray structure of the Lymnaea AChBP-NIC complex (11) . Tyr55, Met116, and Ile118 in Aplysia are Trp53, Leu112, and Met114 in Lymnaea. These pairs of homologous residues on the complementary face are in contact with IMI, THIA, EPI (4), and NIC (11).
Because the neonicotinoids, similar to ACh, bind at rates approaching the diffusion limit, it is likely that all of the subunit interfaces are accessible and not rigidly capped by loop C. Hence, full occupation of the five sites should be achieved in solution and the single vacant site in the crystallized molecule results from interference by the symmetry-related molecule. Similarly, AChBP is specifically photoaffinity-labeled with up to one agonist molecule for each subunit based on mass spectrometry analysis of the intact derivatized protein (12) (13) (14) . Furthermore, the kinetics does not reveal the presence of two binding orientations of the bound neonicotinoid Aplysia AChBP. The present kinetics and previous labeling clearly show the presence of a single tight-binding orientation of neonicotinoids with the Aplysia AChBP, yet azido-neonicotinoid probes identify two disparate binding conformations with the Lymnaea AChBP, perhaps accounting for its inferior affinity for neonicotinoids (12, 13) . However, absolute comparisons should not be overemphasized. Alternative conformational orientations might be expected when the overall binding energy of the ligand is diminished as found for Lymnaea. Photoaffinity labeling is selective for particular reactive residues, leading to a possible bias in interpreting derivatization sites. However, crystallization may not reveal one of the binding orientations seen in solution, because nucleation and crystal growth may be forced by a single conformation. Hence, comparisons of solution and crystal-based structures provide a more comprehensive picture of the binding site with preferred and alternative binding orientations.
Concluding Remarks. The crystal structures of soluble AChBPneonicotinoid complexes define geometries of functional amino acids in the neonicotinoid-bound state, thereby providing an atomic scale template for uncovering the specificity differences between mammalian and insect nAChRs. Mollusk AChBP might be considered as an ''intermediate'' template between mammals and insects accommodating both nicotinoids and neonicotinoids. Because the position of the pyridine ring in the two classes of molecules is virtually identical, modification of surrounding residues in the vicinity of the other heterocyclic ring system and its substituents should enable one to alter specificity in either the neonicotinoid or nicotinoid direction. Such modifications not only could be monitored by changes in the binding kinetics and energetics, but also by measurement of solvent exposure to the loop C region (18) and by labeling patterns with the azido derivatives (12) (13) (14) . Accordingly, selective toxicity, which forms the basis of relative efficacy and safety of insecticides, can be rationalized on the basis of precise molecular determinants on the homologous target molecules in the insect and mammal.
Methods
AChBP Preparation. AChBP from Aplysia was expressed in HEK-293 cells, as described in ref. 3 . In brief, cDNAs containing an N-terminal FLAG epitope and a preprotrypsin leader peptide for secretion were transfected by using calcium phosphate into the HEK-293 cell line deficient in the Nacetylglucosaminyltransferase I gene (19) . Cells were selected for stable expression by G418 resistance. Tissue culture media containing AChBPs were harvested at 1-to 3-day intervals as necessary and supplemented with 0.02% NaN 3. AChBP was purified from the medium by adsorption onto an anti-FLAG affinity column (Sigma) and eluted with FLAG peptide. Assembly as a monodisperse pentamer retaining the FLAG tag was verified by size-exclusion chromatography.
Monitoring Neonicotinoid Complex Formation. Neonicotinoid or nicotinoid ligand complex formation with AChBP was monitored directly through tryptophan fluorescence quenching accompanying ligand association. Stoppedflow instrumentation was used to monitor association and dissociation rates from the overall rate of complex formation at various ligand concentrations (15) . To monitor dissociation rates independently complexes were prepared by mixing 40 nM AChBP pentamer with 2 M IMI or 400 nM THIA, and dissociation rates of neonicotinoids were monitored in the stopped-flow apparatus on twofold dilution of the complex into high concentration of competing ligand, gallamine, or strychnine. Because at very high concentrations of competing ligand, a ternary complex forms accelerating the apparent dissociation, the given values of koff were obtained on extrapolation of dissociation rates, measured at different competing ligand concentrations, to a plateau value on a rate versus concentration of competing ligand plot. In this concentration range, the kinetic values are limited by the intrinsic dissociation rate of the neonicotinoid.
Crystallization and Data Collection. Ligand-AChBP complexes were formed by adding a ratio of 1.5-to 2-fold molar excess of ligand to Ϸ300 M AChBP binding sites. Ligands were diluted from 80 mM stocks in dimethyl sulfoxide. The complexes were crystallized by vapor diffusion at 18°C by using a proteinto-reservoir ratio of 1:1 in 2-l drops. The reservoir solution that yielded the best-diffracting crystals contained 0.1 M Hepes, pH 7.5, and 0.2 M MgCl2 with 22% isopropyl alcohol for IMI and 30% isopropyl alcohol for THIA.
Crystals for both complexes were flash-cooled in liquid nitrogen after a brief soak in 0.09 M Hepes, pH 7.5, 0.18 M MgCl2, 27% isopropyl alcohol, and 10% glycerol. The cryoprotecting soak for the THIA complex crystals was supplemented with 1 mM THIA. Single-wavelength diffraction data were collected at the Advanced Photon Source at Argonne National Laboratory beamline 19-ID with a wavelength of 0.979 Å. Data were processed with HKL2000 (20) giving parameters shown in Table 2 .
Structure Determination and Refinement. The structures of the AChBP complexes were solved by molecular replacement with PHASER (21), by using the apo AChBP structure (PDB ID code 2BYN) (4) as a search model. Initial electron density maps were improved by manual adjustment with COOT (22) and by refinement with CNS (23) and REFMAC5 (24) by using the maximum likelihood approach. Refinement parameters are given in Tables 2 and 3 . The atomic coordinates and structure factors of the AChBP complexes have been deposited with the RCSB Protein Data Bank (PDB ID codes 3C79 for AChBP-IMI and 3C84 for AChBP-THIA).
Figures of the structures were generated with PyMOL (25) .
